Towards understanding the molecular epidemiology of a severe dog rabies epidemic in the KwaZulu Natal province of South Africa, we analyzed a variable 592 nucleotide genome sequence domain of 170 rabies viruses from KwaZulu Natal and surrounding regions. Viruses from the KwaZulu Natal and Eastern Cape provinces belonged to a unique lineage, circulating as two independent and expanding epidemiological cycles.
Fig. 1. Map of Africa and South Africa indicating the geographic location of the KwaZulu Natal and Eastern Cape provinces.
A better understanding of the molecular epidemiology of this growing rabies epidemic should assist in future surveillance and control efforts and towards this objective, we conducted a molecular sequence analysis of a representative panel of viruses, obtained from the KZN province during a given calendar year (2003) . Previous molecular epidemiological studies in southern Africa included a small number of isolates from KZN, but were primarily aimed at illustrating the distinction between the canid and mongoose biotypes of the disease (King, 1993 , Von Teichman et al., 1995 and Nel et al., 1997 , or were focused on determining the genetic diversity of the canid biotype over a broader geographical region (Sabeta et al., 2003) . Here our emphasis was placed on determining the regional genetic variation of RABV within KZN, and on delineating the course of the epidemic through the different magisterial districts of the province.
Subsequently, we assessed the relationship of this epidemic with cycles from elsewhere in southern Africa. Our analysis was based on the carboxyl terminal domain of the glycoprotein (G, cytoplasmic domain) and the G-L intergenic region (L representing the downstream 'large' viral polymerase gene), which constitute the most variable portion of openUP (June 2007) the RABV genome (Tordo and Kouknetzoff, 1993) . This target was considered appropriate for distinguishing closely related viral variants from each other, as it has been shown in various studies to be well suited for the investigation of the molecular epidemiology of rabies in defined geographical domains (Tordo et al., 1986 , Sacramento et al., 1991 , Nel et al., 1993 , Nadin-Davis, 2000 and Paez et al., 2003 .
In this study we present the first molecular epidemiological evidence for the emerging distribution patterns of rabies in coastal southern Africa and resolve an epidemiological scenario that may well be typical for much of the African continent.
Materials and methods

Viruses
Details of viruses analyzed are presented in Table 1 
cDNA synthesis, PCR amplification and sequencing
Total RNA was extracted from infected brain material with Trizol reagent (Promega) and cDNA synthesized as described previously (Von Teichman et al., 1995 and Sabeta et al., 2003) . PCR was performed (GeneAmp PCR 2700) in a 50 μl reaction consisting of 1 μl cDNA, 5 μl 10X PCR buffer (Promega), 100 μM each of the four dNTPs (Promega), Hall, 1999) . All sequences were submitted to an international sequence repository (Genbank accession numbers; Table 1 ).
Phylogenetic analysis
Analyses were based on the continuous 592-nucleotide sequences, aligned with CLUSTALW (Thompson et al., 1994) , as a subroutine of the Bioedit sequence alignment editor (Hall, 1999) . Genetic distances were calculated with Kimura's two parameter method (MEGA3; Kumar et al., 2004) , and used for the construction of two neighbourhood-joining (NJ) trees by the method of Saitou and Nei (1987) . Confidence values for the tree topologies were evaluated with a bootstrap analysis of 1000 pseudoreplicate datasets, and considered meaningful for phylogenetic groupings when above 70% (Hills and Bull, 1993) . The results were validated by maximum likelihood analysis (Swofford and Olsen, 1990) .
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Results
The vast majority of the 235 positive rabies cases identified in 2003 in KZN occurred among domestic dogs (85%). These cases were not evenly distributed through the province, but were primarily localized in the more densely populated coastal regions.
KZN is divided into 51 independently governed magisterial districts and it was convenient to use this divisioning system towards obtaining a representative virus sampling. We selected approximately half of the rabies virus samples from each magisterial district, arguing that this strategy would ensure sufficient representation from all of the affected areas of the province.
The G-L intergenic sequence target offered us satisfactory resolution, and it was found that the viruses from KZN shared an approximate intrinsic sequence identity of 98.9%
(Kimura 2-parameter model, mean pairwise distance data not shown). All of these viruses were also closely related to other members of the RSA canid biotype, from elsewhere in Two phylogenetic trees were constructed in order to address different aspects of this epidemic. The first (Fig. 2) , was constructed with all the RABV sequences from KZN (n = 123), and was aimed at demonstrating the evolutionary relationships between viruses from the different magisterial districts of the province. The epidemiological data of the viruses are provided in Table 1 Symbols correspond to those that were used to indicate the respective viral groupings on the phylogenetic tree in Fig. 2 .
The 21 viruses in subfamily B were very closely related (identity 99.5%), and were all encountered in the northern regions of the province bordering the southeastern Mpumalanga province and the international border with southern Swaziland (Fig. 4) . This subfamily was nevertheless composed of two distinct clusters (KZN/B/V1-KZN/B/V2), representing localized outbreaks in this geographical domain (bootstrap value 90%, Fig. 2).
As a subsequent step in our study, we wanted to investigate the relationship of the rabies epidemic in KZN with the epidemiology of the disease in surrounding areas of South Africa. We also considered the role of wildlife canid species to be of particular importance in the larger epidemiological picture. Although rabies was first reported in 1893 from the neighbouring EC province, following an outbreak that was initiated by an infected dog imported from Britain, this outbreak was likely to have been eradicated without spillover into wildlife (Swanepoel, 2005) . Since that outbreak, rabies incidenceif present in the EC, was not well documented, although the disease is known to have occurred with increasing frequency since at least 1987. Therefore, our next phylogenetic openUP (June 2007) analysis was based on selected viruses from KZN (n = 20), viruses from the adjacent province of the EC (n = 19) (Fig. 5) , and reference RABV sequences (n = 25) that were obtained from canine rabies endemic regions from elsewhere in RSA and Zimbabwe (Table 2) . It was apparent (Fig. 3) that the viruses from the KZN and EC provinces were, as a unique cluster, distinguishable from all the other RABV isolates included in this analysis. Within this KZN and EC group, the subfamilies A and B, as described previously for the KZN viruses, were again evident. Notably, all of the viruses that were obtained from the EC province belonged to subfamily A, implying a closer relationship with these coastal region viruses than with the viruses of subfamily B. Even so, the EC viruses and the KZN viruses are separable within the subfamily A, suggesting a common introduction followed by a degree of independent evolution (Fig. 3) . Significantly, RABV
isolates from jackals and dogs (dg373.97, dg224.98, j596.99) that were obtained from provinces to the north of KZN (southeastern Mpumalanga; Fig. 4) , clustered within the subfamily B collection of viruses, previously shown as viruses specific to northern KZN (bootstrap, 97%). 
Discussion
All the viruses in our panel were found to belong to the canid RABV biotype. The fact that the mongoose RABV biotype was not encountered was not unexpected, as the Drakensberg Mountains, a massive range on the western and northern border regions of the KZN and EC provinces, respectively, provides an effective barrier to the natural movement of wildlife from the mongoose rabies endemic regions of the central plateau.
Rabies viruses in the KZN province segregated into two major groups (subfamilies) and the distribution pattern of the two subfamilies in their respective regions of isolation suggests that they represented independent epidemic fronts. The fact that the majority of viruses from the KZN province clustered into subfamily A, led us to believe that this lineage was representative of the present day core of the epidemic. Within this subfamily, which was not monophyletic, the order of the divergence events together with geographic distribution, suggested that rabies was likely to have been disseminated via the translocation of infected dogs. For instance, the order of the divergence events and geographic distribution for cluster KZN/A/V1-KZN-A/V3 and KZN/A/V4 as elucidated in the Section 3, was in accordance with an epidemic that had spread sequentially southwards along the northern coastal regions of the province, whereas the simultaneous divergence of clusters KZN/A/7 and KZN/A/V5-KZN/A/V6 (isolated from southern KZN), suggested that the group 1 common ancestor was also introduced independently into southern KZN during the same time period. These translocation events are likely to have included the motorized transportation of infected dogs. It is noteworthy that a major transport artery, the N2 highway, runs all along the eastern seaboard of KZN. We identified a single independent cluster, comprised of three viruses, from the southern border regions of KZN. However, we could subsequently demonstrate by sequence analysis of viruses from the bordering EC province that isolates belonging to this cluster formed part of two larger rabies cycles (cluster EC/A/V1 and EC/A/V2). Both these clusters have a wide distribution throughout the EC and one of these, EC/A/V2, had evidently spread northwards into southern KZN. Importantly, the order of the divergence events suggested that the EC cycles became established at an earlier time period than the present-day cycles of subfamily A, that were identified from the coastal regions of the KZN province (KZN group of subfamily A viruses) (Fig. 3) . conditions for the proliferation of the said vector species, allowing them to reach a sufficient population density at which they are able to sustain virus transmission (Estes, 1992 , Bingham and Foggin, 1993 and Bingham, 2005 . It is clear that rabies surveillance and epidemiological study in this region of KZN should continue to investigate and monitor the involvement of this wildlife species, towards elucidating the radiation and independence and/or co-dependence of dog and jackal rabies cycles.
In an extension of our investigation, rabies viruses from the EC province of RSA were analyzed for the first time, and provided us with a better understanding of the epidemiological relationship that exists between the KZN epidemic and newly recognized rabies cycles in the EC province. It was apparent that the majority of viruses from the KZN and EC provinces belonged to a unique viral lineage (subfamily A), which was in general distinguishable from RABV isolates that were obtained from elsewhere in southern Africa. However, beyond the collateral distinction of the subfamily A collection of viruses, they were found to segregate into three distinct groups that were unique to (primarily composed of viruses from EC), was also isolated from KZN. It is probable that the movement of these variants have been facilitated by the transport of infected dogs along the major N2 highway, which spans the border regions between the two provinces, highlighting the requirement for stricter control on animal movement along this stretch of highway.
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This study is one of the most comprehensive and detailed for any specific epidemic of dog rabies in Africa to date. Most importantly, molecular epidemiology allowed us to track and describe the emergence and continued expansion of rabies in a defined region of southern Africa. We were also able to investigate historical dogma, to highlight the potential future involvement of wildlife in the epidemic, and to generate a sequence database for future surveillance efforts. It is our contention that the factors driving the proliferation of rabies in South Africa also apply throughout the rest of southern Africa and the larger continent as a whole. As the toll of rabies in Africa continues to escalate, the need for a refined approach and a serious focus on rabies, which so greatly benefited
Europe and the Americas, should not be negated.
